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INTRODUCTION 
It is often necessary to evaluate materials using non-contact ultrasonic 
techniques, for example when the test sample is hot, moving, or highly absorbent to 
conventional fluid couplants. Several non-contact methods are available, such as 
various optical techniques [1-3], which are generally expensive and require the sample 
to have optimized optical characteristics. Electro-magnetic acoustic transducers 
(EMATs) [4,5] and capacitance devices [6] may be used, but require an electrically 
conductive sample, and a small stand-off distance of a few millimeters or less. There 
has been much interest recently in the use of air-coupled transducers [7], which may 
be piezoelectric, using piezopolymers such as PVDF [8], piezocomposites of PZT and 
epoxy [9,10], or piezoceramics with impedance matching layers on the transducer 
face [11]. Another type of device is the electrostatic or capacitance transducer [12,13], 
which consists of a metallized polymer membrane against a backplate electrode to 
which a bias voltage is applied. Motion of the membrane causes the charge on the 
backplate to change, which may be detected using a suitable charge amplifier. These 
devices in general have a wider bandwidth than their piezoelectric counterparts, and 
improved sensitivity. The backplates are usually mechanically roughened metal, and it 
is therefore difficult to manufacture two identical devices. However, using a silicon 
backplate [14-17] and standard etching techniques, the surface of the backplate may 
be precisely controlled. Such a device is shown schematically in Figure 1. The 
backplate consists of a silicon wafer into which pits 40llm in diameter and 80llm apart 
have been anisotropically etched to a depth of approximately 40llm. A gold electrode 
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is then evaporated onto the backplate, and a thin metallized polymer membrane is 
then placed next to the plate. 
Due to the large impedance mismatch between air and most solids, the vast 
majority of acoustic energy is reflected at such an interface (typically 99.9% 
reflection). For the purpose of this study, the samples used have been restricted to 
polymers and composite materials. It is of interest to study the propagation of both 
bulk waves and plate waves (Lamb waves) [18] in composites as material properties 
such as elastic moduli may be obtained [19,20]. Several sheets of carbon fiber 
reinforced polymer (CFRP) composite material were available for testing, with 
nominal thicknesses ranging from 1mm (8-ply), 3mm (24-ply) and 5mm (40-ply) and 
three ply configurations. The unidirectional composites have the fiber layers running 
parallel to the principle fiber axis, cross-ply composites have fiber layers alternately 
parallel and perpendicular to the principle fiber axis, and quasi-isotropic composites 
have fiber layers alternately parallel, at +45°, and at _45° to the principle fiber axis. 
Also available for testing was a unidirectional 16-ply (2mm) plate, containing artificial 
delamination defects in the form of eight layers of Teflon tape, which had been 
included during manufacture. An impact damaged cross-ply plate 5mm thick was also 
tested, as were samples of various other polymeric materials described below. 
EXPERIMENT 
The apparatus used in the experiments is shown schematically in Figure 2, and 
consists of two of the silicon capacitance transducers described previously, one as a 
source connected to a Panametrics pulser/receiver model 5055PR, and the other as a 
receiver via a Cooknell CA6/C charge amplifier through which a 100 volt dc bias was 
applied. Waveforms were captured on a Tektronix 2430A digital oscilloscope, and 
transferred for further analysis and storage via a GPIB/IEEE-488 interface to an IBM 
PS/2 Model 30 286 PC, which also controlled the X-Y stages used to perform the 
meander scans to produce images of the Teflon defects. An air gap of lOmm was 
used between each transducer and the test sample, although much larger separations 
are possible. A typical air-coupled waveform from source to receiver is shown in 
Figure 3(a), with a fast Fourier transform (FFT) shown in Figure 3(b). It can be seen 
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Figure 1: Schematic diagram of silicon capacitance transducer. 
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Figure 2: Schematic diagram of apparatus. 
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that the waveform has a good signal to noise ratio, and the device has a wide 
bandwidth, with useful energy extending well into the MHz range. 
RESULTS AND ANALYSIS 
Sample waveforms through plates of CFRP are shown in Figure 4 for different 
ply configurations and thicknesses. The signal in Figure 4( a) was obtained through an 
16-ply unidirectional plate and in 4(b) through a 16-ply cross-ply plate. The fast 
Fourier transform (FFf) of each of these signals is shown in Figures 5(a) and (b) 
respectively. It can be seen that both waveforms have a resonant frequency associated 
with the thickness of the plate, which is heavily damped for the more anisotropic 
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Figure 3(a): Waveform transmitted 
through air. 
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Figure 3(b): Fast Fourier transform (FFT) 
of waveform in figure 3( a). 
1401 
1.00 
0.75 
0.50 
1 0.25 
. 
-g 0.00 
" 0. ~ -0.25 
-0.50 
-0.75 
20.0 40.0 60.0 80.0 100.0 
Time (microsec) 
Figure 4(a): Signal through 16-ply 
unidirectional composite plate. 
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Figure 5(a): FFf of figure 4(a). 
2.0 
1.00 
0.75 
0.50 
~ 0.25 
'E 
~ 0.00 
~ -0.25 
E 
<{ 
-0.50 
-0.75 
-1.00 
-1.25 'J-rr,~rrrr~.".,.,~rrrrrrrn~TTTT~~ 
0.0 20.0 40.0 60.0 80.0 100.0 
Time (microsec) 
Figure 4(b): Signal through 16-ply 
cross-ply composite plate. 
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Figure 5(b): FFf of figure 4(b). 
unidirectional plate. Figure 6( a) shows the waveform obtained through a sample of 
pultruded glass-fiber reinforced composite, Figure 6(b) through a 5mm sample of 
polymethylmethacrylate (,Plexiglass'), and Figure 6(c) through a 14mm thick sample 
of expanded polyurethane foam. Plate waves (Lamb waves) were also generated and 
detected using the capacitance air-transducers 50mm apart, with examples being 
shown in Figure 7 for an 8-ply unidirectional CFRP plate, with the wave propagating 
(a) parallel to and (b) perpendicular to the fibers, clearly demonstrating the severely 
anisotropic nature of this composite material. Figure 7(c) shows the waveform 
obtained in a 1mm thick sheet of 'Plexiglass', which has virtually no anisotropy. 
The system was then used to produce images of the artificial delamination 
defects, using the scanning apparatus previously described to cover an area of 50mm 
by 50mm in steps of 2mm. Three defects 0.25" (6.35mm), 0.5" (12.7mm) and 1" 
(25.4mm) square were scanned, with Figure 8(a) showing a typical waveform through 
a defect free area of the 16-ply unidirectional plate, and Figure 8(b) through an area 
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Figure 6(a): Signal through 6mm of 
pultruded composite. 
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Figure 6(c): Signal through 14mm of 
expanded polyurethane foam. 
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Figure 7(b): Lamb wave in 8-ply 
unidirectional plate, across fibers. 
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Figure 6(b): Signal through Smm of 
Plexiglass. 
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Figure 7(a): Lamb wave in 8-ply 
unidirectional plate, parallel to fibers. 
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Figure 7(c): Lamb wave in Imm Plexiglass 
sheet. 
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Figure 8(a): Signal in defect free area. Figure 8(b): Signal in delaminated area. 
Figure 9(a): 0.25" (6.35mm) Teflon defect. Figure 9(b): 0.5" (12.7mm) Teflon defect. 
Figure 9(c): 1" (25.4mm) Teflon defect. Figure 9(d): Impact damaged defect 
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of delamination. These waveforms clearly show that the resonance associated with the 
thickness of the plate has been very highly attenuated by the presence of the defect, 
and so images were formed by plotting the amplitude of the corresponding peak in 
the frequency spectrum of the through transmission signal. A cross ply plate 5mm 
thick with an area of delamination caused by impact damage was also scanned. The 
images are shown in Figures 9(a), (b) and (c) for the 0.25", OS' and 1" defects 
respectively, and Figure 9( d) for the impact damaged composite. The shape of each 
square defect can easily be resolved, and the area of delamination in Figure 9(d) is 
shown to be far more extensive that the 5mm diameter impact area. 
CONCLUSIONS 
An entirely non-contact ultrasonic inspection system using micromachined 
silicon air-coupled capacitance transducers has been developed which can test a 
variety of polymeric materials. Through thickness signals have been obtained in plates 
of various thickness and ply configuration, as well as samples of pultruded glass-fiber 
composite, 'Plexiglass' and expanded polyurethane foam. Analysis of these waveforms 
has produced images of artificial delamination defects, as well as those produced by 
impact damage. Plate waves (Lamb waves) have also been generated and detected in 
thin plates of CFRP and 'Plexiglass'. This ultrasonic system has demonstrated the 
capability to test a wide range of polymeric materials in applications where an 
entirely non-contact system is desirable. 
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